ABSTRACT. Modulation of vascular endothelial cell growth by basement membrane heparan sulfate was investigated using four lines of normal and transformed cells. The growth of transformed endothelial cells, but not normal cells, on reconstituted basement membranewas severely suppressed whenheparan sulfate, one of the components of the membrane,was specifically degraded by an enzyme, heparitinase. Similarly, when cells were grown on surfaces coated with heparan sulfate, as little as 60 pg/cm2 of heparan sulfate caused growth enhancement of transformed cells, but suppression of normal cells. These results together with our previous observations (IMAMURA,T and MITSUI, Y. (1987) Exp. Cell Res. , 172: 92-100) argue that transformed cells have reversed a mechanismby which basement membraneheparan sulfate functions as a physiological suppressor for the growth of normal endothelial cells.
We have previously shown that heparan sulfate added in culture media suppresses normal endothelial cell growth but potentiates transformed cell growth (5) .
Wehave also reported a line of evidence suggesting that heparan sulfate is deeply involved in the contact inhibition of normal cell growth (8, 9) . Although it has been suggested by others and ourselves that heparan sulfate or heparin directly affects various cell behavior, e.g., growth, differentiation and morphology (2), and metabolism (15) , it still needs to be directly proven. In the milieu surrounding endothelial cells, several forms of heparan sulfates exist either as free sugar chains or proteoglycans in the basement membranes, extracellular matrix, and cell membranes. Cell membraneassociated heparan sulfate proteoglycans are suggested to function as molecules that cross-link the cells to the extracellular matrix proteins, such as fibronectin (7) and laminin. The involvement of these heparan sulfates, however, in the growth regulation of endothelium has not been intensively investigated. Since normal human vascular endothelial cells usually require heparin-binding growth factors (HBGFs) in the culture media, heparan sulfate or heparin as soluble forms can modify cell growth through interaction with the growth factors (5, 6) , which makes it difficult to evaluate the direct action of these glycosaminoglycans (GAGs) on cell growth. In the present study, by utilizing refined experimental conditions, we report that Japan) 17 CU/ml, collagenase (Sigma) 17 CU/ml in 10 mM Tris-HCl, 0.5 mMCaCl2; trypsin (culture grade; Handai Biken, Osaka, Japan) 0.25% in PBS. Control wells were treated with 300 ju\ of PBS. After the digestion, each well was washed four times with 1 ml of PBS. Cells in their respective medium were seeded to the well at a density of 2x lOVcm2, and incubated at 37°C in 5% CO2 for 6 h (18 h for tHUE2 cells) until all the viable cells were attached. To estimate the attached cell number, one group of wells was rinsed with 0.02% EDTAin PBS. The cells were then detached with 0.2ml of trypsin (0.25% in PBS), and counted in a hemocytometer. The other group of the cells was washed once, refed with fresh medium, and then incubated for 48 h (56 h for BAE cells). After the incubation, the cell numbers were counted as described above.
Coating dishes with heparan sulfate. Thirty-five mmdiameter dishes (Corning) containing 1 ml of heparan sulfate (from bovine kidney; Seikagaku Kogyo) solution in saline wereincubated for 24h at room temperature to allow the inner surfaces of the dishes to adsorb heparan sulfate. The dishes then received three washes with 1 ml of saline and one additional wash after incubation at 37°C for at least 6 h. Cell growth on heparan sulfate-coated dishes. Cells were plated to the dishes coated with various concentrations of heparan sulfate, in 2 ml of their respective growth media, and incubated at 37°C for 6 h until the cells were attached. For HUEcells, dishes were further coated with human fibronectin (1 jug/cm2) prior to the cell seeding. For one group of dishes, cells were removed with 0.25 ml of trypsin, suspended in 4 ml of Isoton II (Coulter Electronics), and cell numbers in 0.5-ml aliquots were counted with a Coulter Counter. Another group of dishes was rinsed once to removeunattached cells and refed with 2 ml of fresh medium. They were incubated at 37°C for 48 h (65 h for BAEcells) to allow the cells to grow. The cell numbers after this incubation were counted using a Coulter Counter in the same wayas above. The plating efficiency varied from 45% (tHUE2 cells) to 95% (PAE-20 cells) depending on the cell type, but the differences amongthe enzymetreatments were less than 10% for each cell type. Cells were plated to the wells of 24-well plates coated with matrigel and treated with respective enzyme as indicated. After 6 h (18 h for tHUE2 cells), the attached cells were trypsinized, and their numberswere counted with a hemocytometer. For separate plates, after the unattached cells had been removed, the cells were fed with 1 ml of fresh mediumand further cultured. After 48 h (56 h for BAEcells), the cell numbers were counted, and the proliferation index was calculated and expressed as percentages of control±stan-dard deviations (as described in results). Similar results were obtained in three independent experiments.
Growth of endothelial cells on heparan sulfatecoatedplates. In order to immobilize heparan sulfate on the surfaces of culture dishes, the dishes were incubated with heparan sulfate solution and then washed extensively to get rid of free heparan sulfate that can escape from the surface into the medium. In addition to heparan sulfate, due to the structural and functional similarity as a growth regulator (5), heparin was also tested by the same system using radio-labeled heparan sulfate. It was found that a single wash of the inner surface of a dish incubated with heparan sulfate solution, a procedure previously used by other investigators (12), was far from sufficient to deplete the dish surface of soluble heparan sulfate (data not shown). The procedure we used involved five extensive washes of each coated dish; three washes after coating, an additional wash at 37°C for 6h, and finally, a wash at 37°C for removal of unattached cells just before starting the culture. It was found that no heparan sulfate was freed from the dish surface into the mediumafter this series o f w a s h e s . The quantity of heparan sulfate immobilized on the dish surface was less than the detection limits of the Pyroll-HCl method (200 ng/ml), which is considered to be one of the methods with highest sensitivity, even when the coating solution contained as high as 200 //g/dish of heparan sulfate (data not shown). It was not able to detect it even by using 3H-labeled heparan sulfate in the coating solution. This prompted us to measure the amount of immobilized heparan sulfate by the s p e c i f i c binding of 125I-labeled fibronectin to the immobilized heparan sulfate on the plastic surface. It was found that the amount of fibronectin bound to each dish correlated almost linearly with the amount of heparin or heparan sulfate used for coating, up to 5mg/ml (Imamura and Tokita, unpublished observation). Assuming that fibronectin binds to heparan sulfate (the mean molecular weight was assumed to be 20 KDa by gel filtration assay; data not shown) by a molar ratio of 1 : 1, the absolute quantity ofheparan sulfate was calculated to be 16pg/cm2 when the dish was treated with 200jug/ml heparan sulfate, and the thus calculated values were presented in the abscissa of Figure 2 .
As shown in Fig. 2A , the growth of transformed PAE-20 cells on coated heparan sulfate was significantly enhanced from 6pg/cm2 (p=0.016) up to 60 pg/cm2 (p=0.004). Similarly, tHUE cells were growth enhanced (p=0.003 at 30 pg/cm2; Fig. 2B ), although to a lesser extent than PAE-20 cells. The control PAE-20 and tHUE cells respectively underwent 1.7 and 2.6 population doublings during the culture period. By contrast, heparan sulfate coating had an inverse effect on normal cells; the growth of BAEcells was significantly suppressed on heparan sulfate coated dishes (p=0.001 at 120 pg/cm2; Fig. 2C ). Likewise, HUE cells were also growth suppressed (p=0.009 at 60 pg/cm2; Fig. 2D ). Population doublings for BAEand HUEcells were 3.0 and 1.8, respectively. These responses of normal and transformed cells to immobilized heparan sulfate were in good correlation with the results obtained from the reconstituted membrane experiments described above, where digestion of heparan sulfate caused growth promotion of transformed cells, but not normal cells.
DISCUSSION
Growth of vascular endothelial cells plays a key role in many pathophysiological phenomena including development, angiogenesis and would healing; it is considered to be regulated by a variety of soluble and insoluble factors. In our previous reports, by examining the effects of soluble glycosaminoglycans, we proposed that heparan sulfate maybe one of the important physiological suppressors of normal endothelial cell growth, but not of transformed cells (5, 10) . The actual role of heparan sulfate as a component of basement membrane as growth modulator, however, is still unclear because it is possible that soluble heparan sulfate interacts with heparin-binding endothelial cell growth factors added in the medium, resulting in the modulation of their binding to their high-affinity receptors (6) . To overcome this potential problem, experimental systems to examine the effects of immobilized heparan sulfate were developed. As a result, a line of evidence obtained in the present study implies that basement membraneheparan sulfate is in fact capable of modulating the growth of endothelial cells whereon it lies; it promotes transformed cell growth, but suppresses normal cell growth.
Wedeveloped two systems to measure the effects of basement membraneheparan sulfate on the growth of endothelial cells. Onewas to use the reconstituted basement membrane, Matrigel, a basement membrane-like extracellular matrix prepared from EHStumor which contains heparan sulfate proteoglycans, collagen type IV, laminin, and entactin as its major components. When this matrix was treated with an enzyme, heparitinase, to digest heparan sulfate (degraded heparan sulfate equivalent to 42 micromoles of uronic acid), the growth of normal and transformed cells on the matrix were differently affected; growth of transformed cells were drastically suppressed, whereas that of normal cells was even slightly enhanced. Since the enzyme was very pure and specific to heparan sulfate (impurities such as proteinase was <0.001%), these effects were attributed solely to the loss of heparan sulfate from the matrix. Both collagenase or trypsin digestion exerted growth modulation on most of the cells to someextent, suggesting that each component is potentially important in growth regulation of endothelial cells; however, there were no consistent effects correlated with cellular transformation.
Another test we performed to determine the effect of basement membraneheparan sulfate was to coat the plastic culture surfaces with heparansulfate. This approach assures, needless to say, that the effects observed are those of the molecule used for coating. 
